A genomic clone encoding ascorbate oxidase was isolated from pumpkin (Cucurbita sp.)-This gene is consisted of four exons and three introns. Analyses of the promoter fusion to /J-glucuronidase reporter gene by transient expression assay in pumpkin fruit tissues suggested the existence of a cis-acting region responsible for auxin regulation.
Ascorbate oxidase (EC 1.10.3.3) catalyzes the oxidation of ascorbic acid to dehydroascorbic acid. This copper-containing blue enzyme is highly expressed in cucurbitaceous plants such as pumpkin, cucumber, and melon (Mondovi and Avigliano 1984) . It is used to eliminate ascorbic acid, which has high reducing power in clinical analyses, and to determine levels of ascorbic acid. The cDNAs for ascorbate oxidase have been isolated from cucumber (Ohkawa et al. 1989) , pumpkin (Esaka et al. 1990) , and tobacco (Kato and Esaka 1996) . A genomic DNA for cucumber ascorbate oxidase has also been isolated . The structure of ascorbate oxidase is of great interest, because it is a multi-copper enzyme containing three spectroscopically distinct copper centers (one type I, one type II, and two type III copper atoms) (Messerschmit et al. 1989, Mondovi and Avigliano 1984) . Its definitive biological function is not clear, although the enzyme is considered to be localized in the cell wall (Esaka et al. 1989 , Mertz 1961 . It has been suggested that the enzyme may participate in a redox system involving ascorbic acids (Weis 1975) . Lin and Varner (1991) have reported that it may be involved in the reorganization of the cell wall. We have reported that, in pumpkin, ascorbate oxidase expression rapidly increased during growth of callus (Esaka et al. 1988) , development of fruits, and elongation of seedlings (Esaka et al. 1992 ). This ascorbate oxidase gene is also highly expressed in young and growing tissues of tobacco (Kato and Esaka 1996) . We have shown that ascorbate oxi-
The nucleotide sequence reported in this paper has been submitted to the EMBL, GenBank and DDBJ under the accession number D55677. dase is markedly induced by the phytohormone auxin, suggesting that ascorbate oxidase is involved in cell growth (Esaka et al. 1992) . In addition, a gene family which shows sequence similarity to ascorbate oxidase has been reported to be specifically expressed in developing pollen (Albani et al. 1992 ). More recently, Kerk and Feldman (1995) have reported that ascorbate oxidase is specifically expressed in the quiescent center of maize root and may be involved in the organization of root meristems through auxin-dependent expression. Much attention has been focused on the molecular mechanism of auxin action, including auxin-inducible gene expression, because of its critical role in plant growth and development (Takahashi et al. 1995, Abel and Theologis 1996) . We have been interested in the molecular mechanism of auxin-dependent expression of ascorbate oxidase gene. A chimeric gene consisting of the 5'-upstream sequence of this clone and a /?-glucuronidase (GUS) reporter gene showed auxin-dependent expression by transient expression assay in pumpkin fruit tissues.
Total genomic DNA was extracted from pumpkin callus as described by Dellaporta (1983) . Genomic Southern analysis (Southern 1975 ) was performed using pumpkin ascorbate oxidase cDNA (Esaka et al. 1990 ) as a probe. Three restriction digests (EcoRl, BamHl and Hindlll) are shown in Fig. 1 . Three positive bands (12, 11 and 6 kbp) were detected in the BamHl digest. Four (11, 9, 5 and 2 kbp) and three (7, 5 and 4 kbp) positive bands were observed in the EcoRl and Hindlll digests, respectively. The 6 kbp BamHl fragment, 11 kbp EcoRl fragment, and 5 kbp Hindlll fragment may derive from the ascorbate oxidase gene isolated in this study, since they show strong signals. It is likely that the other hybridizing bands are derived from related genes for ascorbate oxidase in pumpkin, although it is possible that they all originated from the same gene.
A AEMBL3 (Stratagene) genomic library was constructed from pumpkin genomic DNA that had been partially digested with Saw3AI. After screening with a 32 P-labeled ascorbate oxidase cDNA probe, a positive clone named pGAO, harboring an about 16 kbp insert, was isolated. The pGAO DNA was digested with several different restriction enzymes, and the positive fragments were subcloned into pBluescript II. pGAO3.7, harboring the 3.7 kbp HindIII-£coRI positive fragment, contained the complete ascorbate oxidase coding region (Fig. 2, 3) . Comparison of the nucleotide sequence of pGAO3.7 DNA with that of the cDNA (Esaka et al. 1990) showed that this gene is composed of four exons and three introns (Fig. 2, 3 ) and that the nucleotide sequences of these exon regions were identical to those of the cDNA. This genomic structure is identical to that of the ascorbate oxidase gene for cucumber . Ascorbate oxidase is a homodimeric copper protein which contains four copper atoms per subunit. Ascorbate oxidase has been shown to be consisted of three domains, 1 (Ser 31-Tyr 163), 2 (Asp 164-Ser 373) and 3 (Asn 374-Pro 579), from analysis of X-ray crystal structure (Messerschmidt and Huber 1990) . All of the copperbinding residues are found in four short stretches. Domain 1 has two short stretches (stretches A and B), and domain 3 has the other two stretches (stretches C and D). In the pumpkin ascorbate oxidase gene, intron 1 is inserted between stretches A and B in domain 1, and introns 2 and 3 are located in domain 2. No intron was found in domain 3, which is homologous to plastocyanin (Colman et al. 1978) , a small blue copper protein that contains only one copper atom. The locations of the introns in pumpkin ascorbate oxidase gene are also identical to those in cucumber ascorbate oxidase . However, the sequences in the 5' and 3' flank regions and the three introns in our pumpkin ascorbate oxidase gene were not significantly homologous to those of the cucumber gene. The sequences of all these introns were AT-rich and followed the consensus GT-AG rules (Breathnach et al. 1978) at the 5' and 3' termini. Putative promoter sequences, a TATA box and a CAAT box, were found 83 bp and 193 bp upstream of the initiation codon, respectively.
A primer extention analysis was performed with poly-(A)-rich RNA from pumpkin fruit and synthetic primer (5'-GATGAGGAAGTTAGGTTCCC-3') (Sambrook et al. 1989) . A band extending from the primer was observed at a position that corresponded to the T 49 bp upstream from the initiation codon (Fig. 4) .
The promoter activity of the 5' upstream region of ascorbate oxidase gene was investigated by a transient ex- 3 Nucleotide sequence of the genomic DNA for pumpkin ascorbate oxidase. The amino acid sequence deduced from the nucleotide sequence of pumpkin ascorbate oxidase cDNA is shown under each codon. The putative TATA box, CAAT box, and polyadenylation signal are underlined. The arrowhead indicates the processing site for removal of putative signal peptide sequence (Esaka et al. 1990 ). The transcriptional start site, determined by primer extension analysis, is indicated by double underlining.
pression assay using particle gun bombardment (Morikawa from the initiation codon of the gene for ascorbate oxidase et al. 1989) . A new Xbal site was created 19 bp downstream by the method of Kunkel (1985) . (from nucleotides -703 to +68) fragment was excised from pGAO3.7 and replaced with a Hindlll-Xbal fragment containing the CaMV35S promoter from pBI221 (Clontech) to produce an ascorbate oxidase promoter-GUS chimeric gene. We introduced 62. as a positive control into intact pumpkin seedlings germinated for 2 days, using a particle bombardment device (TANAKA, type GIE-III, IDERA) (Takeuchi et al. 1992 ). Ascorbate oxidase is highly expressed in these tissues (Esaka et al. 1992) . The transformed seedlings were incubated for 48 h at 25°C, homogenized, and used for the determination of GUS activity, which was assayed spectrophotometrically 2 3 4 5 I Fig. 4 Primer extension analysis. Total RNA was prepared from pumpkin fruit tissue. The poly(A)-rich RNA was concentrated using Oligotex TM-dT30 (TAKARA SHUZO). An oligonucleotide primer, 5-GATGAGGAAGTTAGGTTCCC-3', complementary to the region from + 72 to +91 of ascorbate oxidase cDNA was synthesized and 5'-end-labeled with [y-32 P]ATP and T4 polynucleotide kinase. Labeled primer was annealed to 3 n% of poly(A)-rich RNA. Reverse transcription was performed at 42°C for 30min with AMV reverse transcriptase, and the reaction product was analyzed on a denaturing 6% acrylamide gel (lane 1). Lanes 2-5, sequencing tracts, as size markers, generated by annealing the oligonucleotide primer to alkaline denatured pGAO3.7.
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as described by Jefferson et al. (1987) . Interestingly, the GUS activity (333 pmol (mg protein)" 1 h~') of seedlings bombarded by ascorbate oxidase promoter-GUS chimeric gene was about 40-fold higher than that (8 pmol (mg protein)" 1 h" 1 ) of seedlings bombarded by pBI221 as a control. These results suggest that the 5' upstream fragment from nucleotides -703 to + 68 of the gene for ascorbate oxidase is sufficient as a promoter in pumpkin seedlings and that the promoter is much stronger than the CaMV35S promoter under our experimental conditions.
We have previously shown that the expression of the pumpkin ascorbate oxidase gene is induced by auxin. Ascorbate oxidase mRNA rapidly increased 2 d after inoculation of pumpkin fruit tissues into the culture medium in the presence of 1.0 mg liter" 1 2,4-D, although the tissue showed no morphological changes (Esaka et al. 1992) . A series of 5-deletions of the promoter region for the ascorbate oxidase gene-GUS chimeric genes was constructed (Fig. 5) . These chimeric genes were introduced by a particle gun bombardment into pumpkin fruit tissues that had been inoculated in Murashige-Skoog (MS) medium with or without 2,4-D and incubated for 2 days (Esaka et al. 1988) . As a positive contol, the CaMV35S promoter-GUS gene (pBI221) was also introduced into the fruit tissues. These transformed fruit tissues were incubated for 2 d at 25°C, and GUS activities were measured. In fruit tissues bombarded by the CaMV35S promoter-GUS construct (pBI221), no effect of 2,4-D treatment on GUS activity was observed (Fig. 6) . In contrast, the GUS activities of tissues incubated in the presense of 2,4-D were about 4-and 5-fold higher than those in the absence of 2,4-D when they were bombarded by the -863-GUS chimeric gene and the -703-GUS chimeric gene, respectively (Fig. 6) . Furthermore, these activities were about 6-fold higher than those in fruit tissues bombarded by the CaMV35S promoter-GUS construct (pBI221) as a control (Fig. 6 ). In the -4 9 3 -GUS chimeric gene, however, auxin-induced expression of GUS activity disappeared. These results suggest that the 5' upstream region from nucleotides -493 to -703 of the ascorbate oxidase gene contains at least one cis-acting sequence involved in auxin-responsive expression. This phytohormone, auxin, plays a key role in plant growth and development, by regulating the expression of many genes (Takahashi et al. 1995) . In these auxin-regulated genes, some auxin-responsive c/s-acting elements have been proposed (Abel and Theologis 1996) , including the as-1 sequence of CaMV35S promoter (Lam et al. 1990, Liu and Lam 1994) . This element was first identified as a root-specific expression element (Benfey et al. 1989) , and considered to be a kind of general stress-responsive element. Indeed, it is known that some auxin-responsive genes, such as nos, GNT1, par A, parC and GH3, have sequences similar to as-1 in their promoter regions, although the as-1 sequence alone is suggested to be insufficient for auxin responsiveness (Sakai et al. 1996) . Interestingly, the sequence, TGA-CGAATAGTTTGAAACTT (-642 to -626) which shows significant homologies to the ASF1 binding sequence (consensus TT/GAC/GG/CTAAGNNCTT/GACGTA/CN) (Liu and Lam 1994) containing the as-1 element, was also found in our pumpkin ascorbate oxidase gene. At present, it is unclear whether this sequence acts as the auxin-responsive m-element in the ascorbate oxidase gene. More detailed analyses are required to identify this cis-element.
We also observed that the GUS activity in fruit tissues bombarded by the -300-GUS chimeric gene was about 3-fold higher than that by the -358-GUS chimeric gene (Fig. 6) . Thus, the 58 bp region from nucleotides -300 to -358 may contain a cis-acting element which acts as a silencer. Some silencer elements have been identified in plant promoters. For example, a 49 bp region in the A new Xba\ site was created at 19 bp downstream from the initiation codon in pGAO3.7 using a mutated oligonucleotide, 5-ATGGGAAAATCTAGAGAACCTAAC-3'(+59to +82). The 771 bp Hindlll-Xbal (from nucleotides -703 to + 68) fragment was excised from pGAO3.7 and replaced with a Hindlll-Xbal fragment containing the CaMV35S promoter in pBI221 (Clontech) to produce an ascorbate oxidase promoter-GUS chimeric gene named -703-GUS. The ///ndlll-fcoRI fragment excised from -703-GUS was inserted into the EcoRl-Hindlll gap of pBluescript II to create deleted promoter constructs. The construct was cut at the Sail and Kpnl sites, digested with exonuclease III, and religated to produce a series of chimeric genes, -493-, -358-, -300-, and -223-GUS. The upstream //MdIII-7/i/idIII fragment of pGAO3.7 was cloned into the Hindlll site of pBluescript II and deleted to -863 at the 5' end with exonuclease III. Into the Hindlll-EcoRl gap, the ///ndIII-.EcoRI fragment from -703-GUS was introduced to produce a chimeric gene, -863-GUS.
cutinase gene promoter of Nectria haematococca was reported to suppress basal gene expression (Kamper et al. 1994) . Lawton et al. (1991) have also showed that a ciselement which involved in organ-specific expression of 3000 t 2000-1000-control 35S -863 -703 -493 -358 -300 -223 Fig. 6 Transient expression assay of ascorbate oxidase promoter-GUS chimeric genes in pumpkin. Discs of pumpkin fruit tissues (1.5 cm diameter, 1 mm thickness) were inoculated in MS medium with or without 1.0 mg liter" 1 (4.5 //M) 2,4-D, and incubated at 25°C for 2 d. Ascorbate oxidase promoter-GUS chimeric genes, as shown in Fig. 5 , were introduced into the discs using particle gun bombardment. As a positive contol, the CaMV35S promoter-GUS construct (35S) was also introduced into the fruit tissues. The transformed fruit tissues were incubated for 2 d at 25°C, and then the GUS activities were analyzed spectrophotometrically. GUS activities of non-DNA transformants (control) were also investigated. The specific GUS activity is given as the conversion rate of 4-methylumbelliferyl /?-D-glucuronide to 4-methylumbelliferone (pmol mg protein" 1 h~'). Each value represents the mean of results from five independent experiments, and the bars indicate standard deviations. Shaded bar, incubation with 2,4-D; Open bar, incubation without 2,4-D.
bean chalcone synthase (CHS 15) acts as a transcriptional silencer in electroporated protoplasts derived from undifferentiated suspension-cultured soybean cells. We have recently isolated a cDNA clone for the protein (AOBP) which binds to an AT-rich repeated sequence, AAAAAGTAAAA-AGTAAAAAAGTAAAAAG (-310 to -283), found in this silencer-like sequence region of the pumpkin ascorbate oxidase gene (Kisu et al. 1995) . AOBP belongs to a new class of zinc finger proteins which have a DNA-binding domain similar to those of the steroid hormone receptors and GATA1 factor characterized in animal systems (Kisu et al. 1995) . Thus, it will be interesting to examine whether AOBP functions as a suppressor of the ascorbate oxidase gene.
So far, there are two studies analysing cis-acting regions of the ascorbate oxidase gene and the homologous gene. Ohkawa et al. (1990) and Yoshida et al. (1994) have shown stem-and fruit-specific expression of cucumber ascorbate oxidase. They have reported that high-level of GUS expression is found in stems of transgenic tobacco plants harboring the cucumber ascorbate oxidase promoter-GUS chimeric gene . Albani et al. (1992) have reported that a Brassica napus gene (BplO) which codes for a protein of 62 kDa that shows approximately 30% sequence identity to pumpkin and cucumber ascorbate oxidases is specifically expressed in developing pollen. The pollen-specific expression of the gene has been confirmed in tobacco plants transformed with a chimeric BplO promoter-GUS construct. Our data suggest the existence of an auxin-responsive cis-element in the 5-upstream region of the ascorbate oxidase gene. Further studies will be needed to define precisely the molecular basis of the control of ascorbate oxidase gene expression by
